The rumen, although well buffered by bicarbonate, phosphate, protein, and volatile fatty acids, can vary in pH from approximately 7.0 to less than 5.0 under different dietary conditions. In vivo (2, 11, 14, 22) and in vitro (8, 9) observations have indicated that the relative success of rumen bacteria is correlated with pH, and recent work has shown that an acidic environment can decrease the maximum growth rate of rumen bacteria (20) .
The rumen, although well buffered by bicarbonate, phosphate, protein, and volatile fatty acids, can vary in pH from approximately 7.0 to less than 5.0 under different dietary conditions. In vivo (2, 11, 14, 22) and in vitro (8, 9) observations have indicated that the relative success of rumen bacteria is correlated with pH, and recent work has shown that an acidic environment can decrease the maximum growth rate of rumen bacteria (20) .
The detrimental effects of low pH on bacterial growth are well documented (3) , but the mechanisms involved are not well understood. According to the chemiosmotic theory (15) , the inhibition of growth at a low pH could arise from insufficient energy to shift protons outwardly through the cell membrane to establish a proton motive gradient (7) . As it has also been accepted by many that membranes may not be impermeable to protons (25) , the partial inhibition of growth could result from an additional expenditure of energy to maintain the membrane potential.
Generally, a near-neutral intracellular pH is maintained in bacteria (7) , but the intracellular pH can decrease considerably when the cell is subjected to an acidic environment (16) . As many enzymes are markedly sensitive to pH, the growth inhibitions that are seen at a low pH could be caused by a direct effect of the H ion on cellular components. Such direct effects would not necessarily cause a decrease in the efficiency of growth.
As the ruminant animal is largely dependent on microbes as a protein source, the efficiency of rumen microbial growth is of critical importance to ruminant performance. The experiments described herein were performed to examine the effect of pH on the efficiency of energy utilization for growth by rumen bacteria. It was also hoped that these experiments might provide information about the mechanism of growth inhibition by adverse pH in these bacteria.
MATERIALS AND METHODS
Organisms. Selenomonas ruminantium HD4, Megasphaera elsdenii B159, Butyrivibrio fibrisolvens A38, Streptococcus bovis JB1 (17), Lactobacillus vitulinus GA1, Bacteroides ruminicola GA33 and B,4, Ruminococcus albus 7, Ruminococcus flavefaciens C94, and Bacteroides succinogenes S85 were used.
Media and cell growth. The media and conditions of cell growth were essentially the same as those previously described (18) , except the concentration of ammonia was doubled, a single dilution rate was used, and the pH of the medium reservoir was lowered by approximately 0.3 pH units every 24 h with concentrated HCl (except for the incubation shown in Fig.  11 ). For the incubations shown in Fig. 1 to 10, the dilution rate was set at approximately 0.165 h-' with the flowmeter of the chemostat. This dilution rate was used because it provided a rather low growth rate that allowed a 98% exponential turnover each 24 h. Previous work has indicated that a steady-state optical density is achieved by such a turnover if the change in culture conditions is not drastic (18) . The concentration of the limiting energy source, glucose or cellobiose, is indicated in each figure legend. The The affinity of R. flavefaciens for cellobiose (see Fig. 11 ) was determined by methods that have previously been outlined (18) . The substrate sample was later analyzed for glucose, cellobiose, or lactate by methods that have previously been described (19) . The standard error of the mean of each dilution rate (see Fig. 1 to 10) or a linear regression of the Lineweaver-Burk plot (see Fig. 11 ) is given in each figure legend (23) .
RESULTS
The continuous culture of S. ruminantium is shown in Fig. 1 . The dry weight of cells remained constant until the pH was lowered to 6.0 (Fig.  1) . As the utilization of glucose was nearly complete at each pH, the yield of cells decreased below pH 6 The relationship between cell yield and pH was more complex for M. elsdenii (Fig. 4) . The dry weight of the cells increased, glucose utilization remained rather constant, and the cell yield increased between pH 6.70 and 5.75. When the pH was decreased further, however, the cell mass declined, and glucose accumulated in the culture. The rate of decrease in cell mass was (I) (Fig. 5) . Glucose accumulated at pH 5.25, and washout occurred at pH 5.10. Comparison of the B14 strain (Fig. 5) with the GA33 strain (Fig. 6 (Fig. 7) , R. albus (Fig. 9) , and R. flavefaciens (Fig. 10) ;uccinogenes and R. flave- Fig. 8 to 10 ). B. fibrisolvens as its cellobiose affinity is low relative to other .pecies most resistant to a rumen bacteria (18) , mechanisms must be presture is probably advanta-ent to protect the cellobiose yielded by cellulose s a soluble carbohydrate degradation from other bacteria. The close physical attachment of cellulolytic bacteria to cellulose fibers (1, 13) may provide such a mechanism of protection.
FLAVEFACIENS
The accumulation of the energy source in the FLAVEFACIENS culture vessel as a function of pH also occurred in some incubations (Fig. 3 to 10 ). According to the Michaelis-Menten kinetics equation v = [VrnaxS/(Km + 5)], such accumulations could either result from a decrease in the maximnum velocity (maximum growth rate) or from a decrease in the affinity because the velocity (growth rate) was held constant in these experiments. The maximum velocity of some of these strains has been shown to vary according to pH (20) , but the possibility exists that the pH could also be affecting substrate affinity. nitude of the depression is too great to be explained by the difference in the adenosine 5'-triphosphate yield between an acetate-ethanol fermentation and a lactate fermentation (19) . Such changes in fermentation were not responsible for the reduced growth yields of S. ruminantium, and as declines in yield were often great for the other strains, it seems likely that a low pH is detrimental to the efficiency of energy utilization for growth in the majority of these rumen bacteria.
If the inability of an organism to grow at a low pH were solely mediated by the negative effect of acid on an enzyme or transport protein, one would not expect the efficiency of growth to be significantly affected at a constant growth rate. The cellulolytic bacteria (B. fibrisolvens, B. succinogenes, R. albus, R. flavefaciens), B. ruminicola GA33, and M. elsdenii showed abrupt sensitivity to decreasing pH, and often a decline of 0.25 units made the difference between maximum cell yield and washout of the culture. B. succinogenes did not show depressed yields before washout. These abrupt transitions to washout would be consistent with a direct effect on a cellular constituent. In the cases of S. ruminantium, S. bovis, and L. vitulinus, very gradual declines in cell yield were seen as a function of decreasing pH. Such gradual declines in cell yield would be consistent with an uncoupling of growth by a chemiosmotic mechanism. Uncoupled growth has been shown to occur in other organisms (25) .
In a previous experiment (20) , M. elsdenii, S.
ruminantium, and S. bovis did not grow in batch culture at as low a pH as they did in these continuous cultures. These batch culture incubations were performed with unadapted inocula grown at a pH of approximately 6.75. These differences (as much as 0.4 pH units) may indicate that an adaptation is required for an organism to grow at an adverse pH. Buffers have been used in ruminant diets to correct acidotic symptoms due to lactate and to increase milk fat production (25) , but little attention has been given to the effect of rumen buffers on the efficiency of microbial protein synthesis. As the bacteria that were able to maintain themselves in the chemostat cultures at low pH's (S. bovis, L. vitulinus, S. ruminantium, M. elsdenii, and B. ruminicola B14) all showed significantly depressed yields at these pH's, it seems likely that pH is an effector of overall microbial protein synthesis in the rumen. Since the rumen pH of animals fed high starch diets is often below 6.0, it is possible that the availability of microbial protein to the animal could be enhanced by a manipulation of the rumen with dietary buffers.
